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ABSTRACT

The equivalent-barotropic forecast equation has
been tested on Australian data in a form including the
horizontal divergence through an adjusted relative
vorticity advection. Suitable choice of this adjustment to
match synoptic conditions (including phases of predominant
cyclone development or decay, achieved by computations
backward and forward in time from the stage of incipient
maturity) is shown to bring significant improvements
over standard barotropic forecasts.

The use of a small grid, necessitated by the data
deficiencies of the area, is shown to limit the length of
forecasts and the scales of motion which can be studied.
Boundary conditions influence the entire grid area to some
extent, but realistic boundary height adjustments make it
possible to studythe forecast equafion dynamics independ-
ently of these errors.

Forecasting of major atmospheric systems atthe
500 mb level gave good results for 24 hours but became
much less accurate and useful after 48 hours. The
average error in predicting the positions of cyclone
centres was 1 to 1,5 grid units after 24 hours and this had
doubled after 48 hours, effectively rulingout longer fore-
casts, Verification byavar‘iety of statistical parameters
led to equivalent results and conclusions,

Fields of vertical velocity and diabatic heating
implied in the equivalent-barotropic model have been
compared with vertical velocity estimates using point and
trajectory observations, and with observed rainfall and
layer cloud areas. While the model vertical velocities
agree only in order of magnitude with other estimates,
the observed cloud areas are shown to be conclusively
related to the upward velocities both of the 24-hour and,
less closely, of the 48-hour forecasts.

Now with Commonwealth Meteorology Research Centre, Melbourne

129




INTRODUCTION

Numerical forecasting techniques have been increasingly applied to
a large number of meteorological problems in recent years.. Hemispheric short-
range forecasting and general circulation experiments are now performed for
""model atmospheres' consisting of many layers in the vertical. But the study of
localised features has created the present trend to revert to regional and small
grids for specialised studies and also in many cases for short-range forecasting.
These grids provide of course greater scope for the number and variety of exper-
iments which may be performed.

The present study is concerned with short-range forecasting on a
regional scale in the southern hemisphere. Because of its relative lack of strong
topographic features the Australian region is suitable for performance studies of
the simpler models for mid-troposphere prediction, notably the single-level
equivalent barotropic model, which even today remains one of the standards by
which more complex models must be judged and justified.

The equivalent-barotropic model of the atmosphere (Charney, Fjértoft

and von Neumann, 1950) assumes that the direction, though not the speed,of the
wind is constant with height, or '

vV = (A/An) v |

where A is a function of pressure only and the subscript n refers to the level of
non-divergence, with

1 2 2
A = — /.po A° dz =z A .2
np L

At that pressure level P, the vorticity equation has the non-divergence form

3% n >
- + V +£f) =0 3
at n vz )
X - . A - .
But since eq 1 implies also that ¢ = A C n the vorticity equation for any other
n

pressure level in the equivalent-barotropic atmosphere can be put into a similar
form, viz
A
g

> . n
- . ~— 41 = oo
cp TVv(zeti) =0 4

' This result, by Jenssen and Radok (1964), means that allowance for equivalent-
barotropic divergence can be made simply by modifying the relative vorticity
advection term in the non-divergent form of the vorticity equation.

Now for increasing wind speed with height A<An below the level of non-
divergence and A>A aboveit, Cressman(1953) and others have shown that the level of
non-divergence in generalis closer to 600 mb thanto the usual working level of 500 mb, so
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that for 500 mb forecasts the value of the factor A /A would be mostly less than
unity,  In intense cyclones the level of non-diverger}lce is lowered (Petterssen, 1956)
and with it the value of An/A' Conversely in strongly anticyclonic situations
both the level of non-divergence and A /A increase. The effects of such changes
form one of the topics of this study.

Jenssen and Radok (1964) showed furthermore that the combination of
the vorticity equation 4 with the thermodynamic energy equation (g Thompson,
1961, eq 9.11)

3 02z v udZ . gw
= — - Y
dQ/dt e (ap) + VeVog ...5
- : 1 38
where z is the contour height of the forecast level ando = 20 _3;
Y

(6= potential temperature) is the static stability, leads to the following express-
ions for the vertical velocity w = dp/dt and the diabatic heating rate dQ/dt

2 P
2
0 = £— 35z,v* 2). —12 °A(A_ - A)dp .6
£ £ A n
o p
and
aQ _ _gp | 1l da  3Z
a - " K [A ap ot 'O“J e 7

where K = R/Cp, R = gas constant and Cp = specific heat at constant pressure,

These relationships were shown by Jenssen and Radok (1964) to give
qualitatively realistic fields of w and dQ/dt for typical low and high pressure
systems, A quantitative confirmation, and thereby a possible explanation why
the equivalent-barotropic NWP model has proved relatively successful, formed
one of the principal motives for this study,

Its results were derived from 48-hour computer forecasts in a 357
point grid (ef Fig 1) for a number of essentially similar synoptic situations in 1959
and 1960, A novel feature of these calculations is that they were made both for-
ward and backward in time from the initial or ''centre'' days, Radok and Jenssen
(1961) argued that this might bring out differences between older and younger
storms, Moreover, according to Thompson (1957) the growth of errors result-
ing from randomly distributed errors in the initial field should be independent
of the forecast direction. Hence differences between the ''forecast' and
"hindcast'" accuracies achieved should arise from differences in the capacity of
the model to represent the different atmospheric processes involved, and not
from initial errors.

The data deficiencies of the Australian region need little elaboration,
and although the sequences chosen for this study, each beginning with an intense
depression just west of Tasmania, were relatively well defined over the Austral-
ian continent, the contour fields over the southern ocean area represented, at
best, inspired guesses, This made it necessary to base any forecast verifications
on a relatively small central portion of the forecast grid in Fig l. A similar
restraint was introduced by boundary effects from the relatively small grid em-
ployéd; these are briefly discussed in the next section. In the following sections
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the main features of 24-and 48-hour calculations forward and backward in time
are presented, including the motion and central heights of pressure systems and
the effects of adjusting the rate of relative vorticity advection. Statistical tech-
niques of verification are considered and applied. The computed fields of diabatic
heating and vertical velocity and their verification are discussed, and the final
section assesses the overall performance of the equivalent-barotropic model in the
Australian region. ' ‘

PRELIMINARY TESTS

The grid area chosen, a rectangular mesh of 17 x 21 = 357 points
with a spacing of 300 km, is fairly small by modern forecasting standards, This
made It desirable to investigate the scale of the meteorological system approp-
riate to the grid and the maximum forecast time interval which can be expected.

Although systems initially outside the grid area have been accounted
for at least partially in the present model studies by prescribing realistic height
changes along the boundaries, the forecast area will determine the size of atmos-
pheric systems which the model can handle well.

Sinusoidal wave fields with varying wave-lengths and amplitudes were
used for testing the disturbing effects of the grid boundaries. A rather severe
effect of the small grid area on large wave-lengths was evident from the unreal-
istic distortion and retrogression of such waves in the computed forecasts.

This underlined the importance of keeping the major disturbances
remote from the boundaries and relatively small compared with the size of the

forecast area. It also confirmed results of Bolin (1953) and others showing
that the largest scales of atmospheric motion are not well treated by the barok
tropic model, h /

The influence of boundaries over the whole grid can be determined by
comparing forecasts made with constant boundary heights and with actually observ-
ed heights along the boundaries at each time step. Such comparisons indicate that -
the boundary effects remain small only in a small portion of the grid area; more-
over the boundary effects do not progress uniformly from each boundary.

It is of interest to compare these results with those of an experiment
made by Gates (1957). By considering forecasts made from hemispheric and
regional grids, Gates showed that the boundary influence in a 24-hour forecast on
a 204 point regional grid extended approximately halfway to the centre of the grid,
and was more pronounced in regions of greater synoptic activity, The experiments
performed here showed that boundary influences also affect the positions oftroughs
and ridges in the final forecast,

The effect of boundaries on verification statistics was tested by grid
point verification over areas of the grid successively more remote from the

boundaries. Two rows and columns were omitted from each boundary for each
new test. In all, six areas were verified in this wayusing correlation coefficients
of the two sets of contour height ""anomalies'., This and other verification stat-

isti¢cs are discussed.in the Statistical Verification section; here it suffices to
state that to obtain the contour height anomalies the row 'mean 500 mb height' was
subtracted from each grid point value in order to remove the north-south meteor-

. ological height trend. This was necessary since the north-south extent of the
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verifying area was different for each of the six areas. The height trend tends to
- inflate the correlation coefficient when the north-south extent of the verifying area
is large. With the trend removed, differences between successive verifications
will be due specifically to the omission of grid points near the boundaries, The
average values of the correlation coefficients obtained are given in Table 1.

Table 1 Average for six 24-hour forecasts of the
correlation coefficient between observed and
forecast contour heights for six verifying
areas (A-F) successively more remote
from grid boundaries

Verifying Number of ‘ Number of Correlated
Area grid rows ~ grid columns Coefficient
A 23 39 0. 46
B 19 35 0.45
C 15 31 0.44
D 11 ‘ 27 0.51
E 7 23 0.58
F 0. 65

3 19

The table shows the general effect of boundary errors and indicates that the effect
can be at least partially removed from verification results if about four gridrows
and columns are omitted from the verifying area.

The degree of improvement resulting from the use of consistent
boundary height changes can be judged from verification statistics for forecasts
made with and without boundary changes, An example for both 24-and 48-hour
forecasts is given in Fig 2 where correlation coefficients for observed and comp-
uted 500 mb heights and winds are plotted. In this example, the 48-hour forecast
was a poor one. The initial field contained fairly large amplitude systems and the
boundary height changes over 48-hours were large. Thus boundary errors would
be expected to make a considerable contribution to the low correlation for constant
boundary forecasts, The improvement when boundary height changes were included
at each timestep shows that boundary height adjustments are of definite value for
eliminating finite-grid effects which are of no special interest in the present basic
test of the equivalent-barotropic model, ‘
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THE FORECASTS AND THEIR RESULTS

Procedures

Cases ranged through autumn, winter, and spring of 1959 and 1960,
As mentioned earlier the initial, or centre days were chosen to be similar and
typical of Australian winter patterns, with a trough or depression close to the
middle of the grid area, This meant that all the calculations started from about
the same level of certainty, Moreover it created a possibility for comparing the
performance of the equivalent-barotropic model with mature storms in the fore-
casts and developing storms in the "hindcasts' (Radok and Jenssen, 1961).

Model "performance' is a complex concept and may be established
in many ways. In the present study three different broad criteria have been used
to judge the performance of the equivalent-barotropic model, viz,

(i) agreement in the behaviour of synoptic systems,

(ii) statistical agreement between the forecast and observed
contour heights,

(iii) harmony of the diagnosed and forecast fields of diabatic
heating and vertical velocity with related observed
weather features and with general physical principles.

The second and third of these viewpoints are explored in the follow-
ing sections. In the rémainder of the present section tracks of cyclones and
anticyclones are compared in the forecast/hindcast charts with their observed
movement and development.

The cbmputed and observed behaviour of synoptic systems=-

Two detailed examples will be discussed; they were chosen as
typical of the cases where a low was sufficiently intense to persist during all five
days of the set.

The initial height field for the first situation (23 June 1960) is
shown in Fig 3. A low was situated east of Melbourne while a ridge to the west
extended into the Southern Ocean, This ridge had actually been an anticyclone on
the two previous days. The hindcasts indicated the presence of the high for -48
hours but not for -24 hours (Fig 4 shows the plotted tracks of the systems). The
intensity of the low was maintained well in the forecasts although its predicted

movement was not accurate. In the hindcasts, the low was predicted to move in
the right direction but rather too quickly and the intensity weakened too much,

To compare forecasts and hindcasts the error in central height of
the cyclone (forecast-observed) and the changes in intensity at the cyclone centre
have been tabulated. From Table 2 the predicted changes in central height had the
correct sign overall for 48 hours, but the 24-hour hindcast was incorrect. This

- tendency for weakening central intensity during prediction (when deepening should
have occurred) was found to be fairly typical of the forecast scheme. It can be
attributed partly to the smoothing effects inherent in the scheme and can be offset
by a change in the A /A values of 1.0 used in the standard forecast equation which
implies that the 500 mb level is the level of non-divergence.
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Fig 3 Centre day 500 mb field on 23/6/60 (contour height labels in dekametres).

e

CENTRE DAY

140

\, RIDGE E;J
40 \\\
Legend \\
L LOW H HIGH \\
+ 24, 48 FORECAST INTERVAL (HOURS) . ;&\
(53 ) CENTRAL HEIGHT " 8 O\ 70)
x OBSERVED POSITION (6:)\31';‘)

O FORECAST POSITION

120

63)

140

O
Nt
0o "My 4% Ly

160

8 CENTRE ,48
pay  *

160

+24

T
(s1)

~
=30

Fig 4 Observed and predicted movement of highs and lows for the situation

with centre day 23/6/60.
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Table 2 Height changes in cyclone centre for situation
with centre day 23 June 1960

Forecast time (hours) -48 -24 0 +24 +48
Predicted height error (Dm) 7 8 . -1 -3
Observed height change over -9 +4 +3 +2

24 hours (Dm)

Predicted height change over

24 hours (Dm) -8 -4 +2 0
Observed height change over -5 +5
48 hours (Dm) ~
Predicted height ch
redicted height change over 12 2

48 hours (Dm)

The second example chosen, with centre day 24 September 1960,
was that of a very intense, regularly shaped low pressure system which was
observed to move in an almost due west to east path, The cyclonic flow on the
centre day (Fig 5) dominated a large part of the grid area. \

The observed and forecast tracks of the depression are shown in
Fig 6; the predicted movement is southward of the observed movement in ’both the
forecasts and the hindcasts, Table 3 gives details of the central intensify of the
cyclone. The error in the predicted height remained quite small for this situation,
especially during the hindcasts, even though the changes occurring were quite large.

This was one situation in which the model was capable of
correctly forecasting the intensification of cyclonic circulation., The weakening
of the circulation during the 48 hours prior to the centre day was well simulated
in the hindcast. This cyclone had a large amplitude, so smoothing effects
were at a minimum and realistic dynamical height changes could occur.

138



Fig 5 Observed 500 mb field on 24/9/69 (contour height labels in dekametres).
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Fig 6 Observed and predicted movement of highs and lows for the situation
with centre day 24/9/60.
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Table 3 Height changes of cyclone centre for situation with
centre day 24 September 1960

Forecast time (hours) -48 -24 0 +24 +48
Predicted height error (Dm) 0 2 -4 -4
Observed height change over | 6 2 8 4

24 hours (Dm)

Predicted height change over

8 0 4
24 hours (Dm) 4
Observed height change over 8 12
48 hours (Dm)
Predicted height change over 8 8

48 hours (Dm)

In order to complete the results for seven forecast sequences
Table 4 has been prepared. This gives the average errors in the computed
positions of the cyclone centre,

Table 4 Average position error of cyclone centres
Forecast time (hours) -48 -24 +24 +48
Average position error (km) ' 780 500 360 880
Average position error (grid units) 2,6 1.6 1.2 2.9

For the 48-hour forecast the position error was roughly twice
that for a 24-hour forecast. The error of 1 to 1.5 grid units for a 24-hour
forecast is satisfactory since specification since specification of cyclonic centres
could not be made more accurately than about half a grid unit, There is no
significant difference between the forecast and hindcast directions in the accur-
acy of predicting cyclone movement,
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Vector errors, ie vector displacements from the observed to the
forecast positions of low centres, are plotted emanating from the same origin in
Fig 7; the observed position of the low is at the end of the vector in each case.
Two trends are apparent,

The hindcasts firstly tended to place the lows too far eastward and
the forecasts too far westward compared with their observed positions. This
indicates a general tendency to underestimate movement by the forecasting model.
Secondly, the forecast centres of lows tended to be too far south as evidenced by
the larger proportion of vectors in the lower half of the diagram. No obvious
reason can be given for this feature.

Average central cyclone height error magnitudes have been present-
ed in Table 5; the hindcasts there emerge as less accurate than the forecasts,
The error for one hindcast day was of the same order as the error for two forecast
days.

Table 5 Average of the magnitude of errors in
forecast 500 mb height for cyclone centres

Forecast time (hours) -48 -24 +24 +48

Central height error (m) 107 55 17 57

This forecast/hindcast asymmetry is perhaps the most notable
feature of the calculation results. The inference seems legitimate that the model
may represent the mature stages of cyclonic-systems (during the forecasts) better
than the formative stages (during the hindcasts). This suggests that adjustments
for the height of the level of non-divergence might lead to an improved perform-
ance of the equivalent-barotropic model.

Computations with modified vorticity advection

The position of the level of non-divergence, which governs the mag-
nitude of the factor A /A in the vorticity equation 4 for the general level, mostly
appears to be closer %o 600 mb than 500 mb, our forecasting level (cf, eg
Cressman, 1953), Hence it might be expected that a value of A /A <1 would in
general give better forecasts; the likely changes in An/A for predom1nant1y
cyclonic and anticyclonic situations have been discussed in the Introduction.

Since the proper value of this ratio is determined by the integrated wind profile it
depends only on the dominant atmospheric process in the period considered and
should be the same for a forecast and a hindcast over that period. To test these
ideas a number of forecasts were made with A /A varying from 0.2 to1l,8. A
discussion of three sequences follows.

Sequence A - Centre day 23 June 1960

The centre day chart (Fig 3) contained a large mature cyclone and
associated trough centred over the Tasman Sea, while a ridge extended into the
Southern Ocean region to the southwest of the low.
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Fig 7 Vector displacements from observed to predicted positions of cyclone centres for 24 and
48 hour forecasts and hindcasts for seven situations. Scale : 1 cm= 200 km.
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